The nature of the periplastidial pathway of starch biosynthesis was investigated with the model cryptophyte Guillardia theta. The storage polysaccharide granules were shown to be composed of both amylose and amylopectin fractions with a chain length distribution and crystalline organization very similar to those of starch from green algae and land plants. Most starch granules displayed a shape consistent with biosynthesis occurring around the pyrenoid through the rhodoplast membranes. A protein with significant similarity to the amylose-synthesizing granule-bound starch synthase 1 from green plants was found as the major polypeptide bound to the polysaccharide matrix. N-terminal sequencing of the mature protein proved that the precursor protein carries a nonfunctional transit peptide in its bipartite topogenic signal sequence which is cleaved without yielding transport of the enzyme across the two inner plastid membranes. The enzyme was shown to display similar affinities for ADP and UDP-glucose, while the V max measured with UDP-glucose was twofold higher. The granule-bound starch synthase from Guillardia theta was demonstrated to be responsible for the synthesis of long glucan chains and therefore to be the functional equivalent of the amylose-synthesizing enzyme of green plants. Preliminary characterization of the starch pathway suggests that Guillardia theta utilizes a UDP-glucose-based pathway to synthesize starch.
The nature of the periplastidial pathway of starch biosynthesis was investigated with the model cryptophyte Guillardia theta. The storage polysaccharide granules were shown to be composed of both amylose and amylopectin fractions with a chain length distribution and crystalline organization very similar to those of starch from green algae and land plants. Most starch granules displayed a shape consistent with biosynthesis occurring around the pyrenoid through the rhodoplast membranes. A protein with significant similarity to the amylose-synthesizing granule-bound starch synthase 1 from green plants was found as the major polypeptide bound to the polysaccharide matrix. N-terminal sequencing of the mature protein proved that the precursor protein carries a nonfunctional transit peptide in its bipartite topogenic signal sequence which is cleaved without yielding transport of the enzyme across the two inner plastid membranes. The enzyme was shown to display similar affinities for ADP and UDP-glucose, while the V max measured with UDP-glucose was twofold higher. The granule-bound starch synthase from Guillardia theta was demonstrated to be responsible for the synthesis of long glucan chains and therefore to be the functional equivalent of the amylose-synthesizing enzyme of green plants. Preliminary characterization of the starch pathway suggests that Guillardia theta utilizes a UDP-glucose-based pathway to synthesize starch.
Cryptophytes are composed primarily of photosynthetic, unicellular, biflagellated eukaryotes that are found in a variety of habitats, including oligotrophic freshwater lakes and cold marine environments (for a review, see reference 20) . Unlike the case for the glaucophytes or the green and red algae, the plastids of the cryptophytes are surrounded by four membranes. The two innermost membranes define the functional equivalents of the chloroplast, rhodoplast, or cyanelle inner and outer membranes. The third membrane encloses a space known as the periplast, where the nucleomorph and starch granules can be found. The nucleomorph consists of a vestigial eukaryotic nucleus that was recently completely sequenced (15; reviewed in reference 10). This vestigial nucleus bears witness to the endosymbiotic theory and is thought to be the remnant of a red alga nucleus. This red alga was engulfed by a nonphotosynthetic protist, a process known as secondary endosymbiosis. All molecular reports on cryptophytes seem to confirm this hypothesis (10, 15, 16) . The outermost membrane of the plastid is thought to be the remnants of the phagocytic vacuole that was later fused to the host endoplasmic reticulum in the stramenopiles (brown algae, diatoms, oomycetes, etc.), haptophytes, and cryptophytes (for a review, see reference 11).
Secondary endosymbiosis of a red alga gave birth to a series of important eukaryotic lineages that include the chromists, the haptophytes, the alveolates (dinoflagellates, ciliates, and apicomplexan parasites), and the cryptophytes (reviewed in reference 11). Whether one (in the case of the chromalveolate hypothesis) or several distinct secondary endosymbiotic events have yielded this diversity of organisms is still a matter of debate (7, 22) . Among the chromalveolates, the dinoflagellates, apicomplexans, and cryptophytes synthesize starch as their storage material, while others store either glycogen (the ciliates) or ␤-glucans (the stramenopiles and haptophytes).
The cellular localization of the starch in cryptophytes is consistent with the presence of a secondary endosymbiosis event involving a red alga. Indeed, red algae are known to accumulate a form of storage polysaccharide known as floridean starch in their cytoplasm (for reviews of starch metabolism, see references 5 and 33). It was therefore expected to be located in the corresponding periplastidial compartment in cryptophytes. Floridean starches were first thought to display a structure quite different from that of the classical forms of starch accumulating within the plastids of the green algae and land plants (33) . Indeed, at first this material was shown to lack amylose, the minor polysaccharide fraction of starch that contains fewer than 1% ␣-1,6 linkages (for reviews concerning starch structure and amylose synthesis, see references 4 and 8). It was later found that some unicellular red algae did accumulate amylose within their floridean starch granules (26) .
In an effort to understand the process of protein targeting within the different membranes and compartments defined by the secondary plastids, we have cloned a starch synthase cDNA and genomic DNA (19) . This gene was chosen in order to study targeting of proteins to the periplastidial space, where starch synthesis is bound to occur. The starch synthase was shown to harbor a N-terminal bipartite topogenic signal, composed of a signal peptide at the N terminus which is then followed by a transit peptide (19) . The transit peptide contains a motif different from the nucleus-encoded plastid proteins, thereby trapping it in the periplastidial compartment after transport across the periplastidial membrane.
In this work we report a detailed characterization of the starch structure and metabolic pathway of amylose synthesis in the model cryptophyte Guillardia theta. We show that the previously reported starch synthase sequence corresponds to the major granule-bound protein and is the functional homologue of granule-bound starch synthase 1 (GBSS1), which has been proven to be responsible for amylose synthesis in green algae and land plants (4) . We also show that the transit peptide is nevertheless cleaved, yielding the mature periplastidial GBSS. Finally, a preliminary study of other components of the starch pathway strongly suggests that cryptophytes use the UDP-glucose pathway of floridean starch biosynthesis. The evolutionary implications of these discoveries are discussed. Algal strains and growth conditions. Guillardia theta (strain CCMP327 from the Provasoli-Guillard National Center for Culture of Marine Phytoplankton) was maintained and grown under continuous light (2,000 lx) in h/2 liquid medium (21) with vigorous shaking. Cultures were inoculated at 0.2 ϫ 10 6 to 0.3 ϫ 10 6 cells/ml. Starch preparation. Algal cultures that had just reached stationary phase (around 4 to 5 million cells per ml) were centrifuged (3000 ϫ g, 10 min). The pellets were resuspended and pooled in extraction buffer (20 mM Tris-HCl [pH 7.5], 5 mM EDTA, 1 mM dithiothreitol). The suspension was sonicated, and disrupted cells were centrifuged (10,000 ϫ g, 15 min). Supernatants were kept and used for protein quantification and enzymological studies, while the pellets (starch and cell fragments) were resuspended in 90% Percoll and centrifuged (10,000 ϫ g, 30 min) to separate high-density starch granules from cell debris of lower density. The Percoll gradient step was repeated once to ensure complete removal of cell debris from the starch pellet. The starch was then washed twice in sterile water. Clean white starch pellets were stored at 4°C for up to 1 month.
MATERIALS AND METHODS

Materials
Determination of starch composition and chain length distribution. Starch or ␣-1,4 glucan amounts were assayed using the Diffchamb Enzyplus starch kit. The Sepharose CL-2B gel permeation chromatography procedure used is identical to the one we have previously described for Chlamydomonas (32) . Eluted glucans were detected by measuring the optical density at the maximum absorbance wavelength ( max ) after interaction with iodine. The radioactivity of these fractions was determined by liquid scintillation counting. To determine the chain length distribution, a total of 500 g of dialyzed and lyophilized amylopectin purified by gel permeation chromatography was suspended in 55 mM sodium acetate (pH 3.5) and debranched with 10 units of Pseudomonas amylodermosa isoamylase (Hayashibara Biochemical Laboratory, Okayama, Japan) at 42°C for 12 h. The reaction was stopped by 10 min of boiling, and the sample was subjected to high-performance anion-exchange chromatography with pulsed amperometric detection (HPAEC-PAD) as described for Chlamydomonas (17) .
X-ray diffraction, differential scanning calorimetry (DSC), and scanning electron microscopy (SEM). X-ray diffraction was performed after adjustment of the water content by water desorption at 90% relative humidity for 10 days under partial vacuum in the presence of a saturated barium chloride solution. The sample (10 mg) was then sealed between two tape foils to prevent any significant change in water content during the measurement. The diffraction diagram was recorded using an Inel (Artenay, France) spectrometer at 40 kV and 30 mA in the Debye-Scherrer transmission mode. The X-ray radiation Cuk␣1 ( ϭ 0,15405 nm) was selected with a quartz monochromator. Diffraction diagrams were recorded during 2-h exposure periods with a curve position sensitive detector (Inel CPS 120). Relative crystallinity was determined after normalization of all recorded diagrams at the same integrated scattering between 2 values of 3°and 30°. Spherulitic A-type recrystallized amylose was used as a crystalline standard after scaled subtraction of an experimental amorphous curve in order to obtain null intensity in the regions without diffraction peaks. Dry extruded potato starch was used as the amorphous standard. The degree of crystallinity of structures resulting from ␣(1,4) chain precipitation was determined using the method initially developed by Wakelin et al. (35) for cellulose.
For DSC, samples (about 20 mg) were weighed in stainless steel high-pressure pans, and about 80 l of distilled water was added before sealing. An automated heat flux differential scanning calorimeter (SETARAM DSC 121) was used, and scans between 20 and 180°C were run at 3°C/min and Ϯ40 mW full scale. Calibration was checked using indium (429.6 K) and gallium (302.7 K) melting. The reference cell contained 100 l water. Melting enthalpies were calculated with respect to dry matter, after water content determination using sequential drying at 50°C overnight and at 130°C for 6 h. For SEM, drops of aqueous suspensions of purified starch granules were deposited onto copper stubs and allowed to dry. The specimens were coated with Au-Pd and observed in secondary electron imaging mode with a JEOL6100 microscope.
Extraction of granule-bound starch proteins, SDS-PAGE, and Western blotting. Western blot analyses were performed to estimate the amounts of GBSS1 and ADP-glucose pyrophosphorylase small subunit. GBSS1 protein was extracted by denaturing 50 g of starch granules in 80 l of denaturating solution (2% sodium dodecyl sulfate [SDS] and 5% ␤-mercaptoethanol) for 10 min. The samples were centrifuged for 20 min at 10,000 ϫ g, and then supernatants were loaded onto a 7.5% SDS-polyacrylamide gel. For ADP-glucose pyrophosphorylase, the equivalent of 20 g of total protein was separated by 10% SDSpolyacrylamide gel electrophoresis (SDS-PAGE). Proteins were separated by SDS-PAGE according established procedures (23) . After migration, both polyacrylamide gels were electroblotted onto polyvinylidene difluoride membranes (Hybond-P; Amersham Biosciences) in transfer buffer (48 mM Tris, 39 mM glycine, 0.0375% [wt/vol] SDS, and 20% methanol) for 2 h at room temperature and 100 mA, using the Mini Trans-Blot Cell (Bio-Rad, Hercules). The blots were washed twice for 10 min in TBS buffer (10 mM Tris-HCl [pH 7.5], 150 mM NaCl) and then blocked for 1 hour in TBS containing 5% skim milk. The blocking buffer was removed, and membranes were further washed twice for 10 min each in T-TBS buffer (20 mM Tris-HCl, 500 mM NaCl, 0.05% Tween 20) and incubated with primary antibody. The Western blot analysis with the antibody raised against the GBSS1 protein was as previously described (36) . The anti-ADPglucose pyrophosphorylase (anti-AGPase) antibody was a kind gift from Curtis Hannah (University of Florida, Gainesville). This polyclonal antibody, directed against the maize endosperm small subunit (bt2) of the enzyme (18), was diluted 1:5,000 in blocking buffer, and blots were incubated overnight at 4°C. This antibody displays a strong cross-reaction against the proteins from Escherichia coli, cyanobacteria, Ostreococcus taurii, and Chlamydomonas reinhardtii. Membranes were washed twice for 10 min each in T-TBS buffer and incubated with a 1:10,000 dilution of donkey anti-rabbit secondary antibody conjugated with horseradish peroxidase (Amersham Biosciences). The antigen-antibody complex was visualized by chemiluminescence (Amersham Biosciences).
GBSS enzyme assay. Purified starch granules (500 g) were incubated at 30°C in 100 l of 50 mM Tris-HCl (pH 7.5), 0.47% mercaptoethanol, 5.5 mM MgCl 2 , 3.2 mM sugar-nucleotide (ADP-Glc or UDP-Glc), and 2.2 M of the respective 14 C-radiolabeled sugar-nucleotide at 304 mCi/mmol. Tubes were shaken at 1,400 rpm during incubation, and the reaction was stopped by adding 900 l 70% ethanol. The granules were washed twice with 1 ml 70% ethanol and resuspended in 200 l water. The label incorporated was measured by liquid scintillation counting.
In vitro synthesis of amylose. Two milligrams of purified starch granules was incubated in the same buffer as described above, except the concentrations of sugar-nucleotides (labeled and unlabeled) were both doubled. For analysis of starch after in vitro synthesis of amylose, granules were washed and resuspended VOL. 5, 2006 STARCH SYNTHESIS IN CRYPTOPHYTES 955 in 200 l of 90% dimethyl sulfoxide (DMSO) and boiled at 100°C for 10 minutes. Solubilized glucans were precipitated with 800 l ethanol at Ϫ20°C for at least 2 h. After centrifugation, the glucan pellet was resuspended in 10 mM NaOH and subjected to CL-2B chromatography. Analysis of debranched glucans from starch subjected to in vitro synthesis of amylose. Two milligrams of starch was subjected to in vitro synthesis of amylose, dissolved in 90% DMSO, and precipitated with ethanol as described above. Two milligrams of nonradiolabeled starch was prepared by an identical procedure. The two preparations were mixed together, and after centrifugation, the starch pellet was subjected to isoamylase debranching (see above). The reaction was stopped by boiling, the DMSO concentration was raised to 10% to avoid retrogradation of long glucans, and the sample was immediately subjected to TSK-HW50 gel permeation chromatography (32) . Eluted glucans were detected by iodine staining, and each fraction was assayed for radioactivity by scintillation counting.
ADP-glucose and UDP-glucose pyrophosphorylase assay. ADP-Glc and UDPGlc pyrophosphorylases were assayed in the direction of sugar-nucleotide synthesis as follows. Twenty-five micrograms of crude extract protein was incubated for 15 min at 30°C in 75 mM HEPES/KOH (pH 7.5), 0.5 mM ATP or UTP, 3.5 mM MnCl 2 , 25 g/ml bovine serum albumin, 0.4 mM Glc-1P, and 2.6 M ␣-D-[U-
14 C]glucose 1-phosphate (150 mCi/mmol), and the reaction was stopped by heating at 100°C for 10 min. Unincorporated Glc-1P was removed by a 2-hour incubation at 30°C with 3 units of calf intestine alkaline phosphatase (Roche, Mannheim, Germany) to avoid unspecific radioactive contamination of the filters with labeled Glc-1P during the next step. Samples were filtered and washed with water (six times, 10 ml) on DE81 anion-exchange filters (Whatman, Maidstone, United Kingdom). The filters were dried, and radioactivity was measured by scintillation counting.
Zymogram analysis of starch synthase activities and starch-metabolizing enzymes. Two hundred micrograms of crude extract proteins was loaded on a 35:l (acrylamide:bisacrylamide), 7.5% (1.5-mm-thick) polyacrylamide gel containing 0.3% rabbit liver glycogen and run under native conditions. Electrophoresis was carried out at 4°C at 15 V cm Ϫ1 for 180 min, using the Mini-Protean II cell (Bio-Rad) in 25 mM Tris-glycine (pH 8.3) and 1 mM dithiothreitol. After migration, the gel was incubated overnight in 50 mM Tris-HCl (pH 7.5), 100 mM (NH 4 ) 2 SO 4 , 20 mM ␤-mercaptoethanol, 5 mM MgCl2, 0.5 mg/ml bovine serum albumin, and 1.2 mM ADP-Glc or UDP-Glc at 25°C. The reaction was stopped, and the gel was stained by adding an iodine solution (0.25% KI and 0.025% I 2 ). For detection of starch-metabolizing enzymes, the same procedure was followed except that glycogen was replaced by 0.3% potato starch (Sigma) and gels were incubated after migration in 25 mM Tris-glycine (pH 8.3) and 5 mM EDTA.
Partial purification of starch synthase activities from crude extract. The procedure for partial purification of starch synthase activities from crude extract is derived from the protocol published for purification of Gracilaria tenuistipitata UDP-Glc-utilizing soluble starch synthase (28) . For this purpose, crude extracts were prepared as described above except that 0.5 mM benzamidine and 1 mM phenylmethylsulfonyl fluoride were added to the extraction buffer, and the extract was filtered on a 0.45-m-pore-size filter. All steps were performed at 4°C. Proteins were incubated in the presence of glycogen (2.5% final concentration) for 30 min, precipitated by raising the polyethylene glycol 8000 concentration to 7.5%, and centrifuged at 3,000 ϫ g for 20 min. The supernatant was discarded and the glycogen pellet resuspended in 15 ml of extraction buffer. The glycogenmediated precipitation was repeated once, and the pellet was resuspended in 5 ml extraction buffer and loaded on a Fractogel TSK DEAE-650 (M) anionexchange column (20-cm length, 2-cm inner diameter) equilibrated with extraction buffer. The column was washed with the same buffer until no glycogen was detected in the eluant. Activities were eluted in a two-step procedure, first with 0.1 M KCl and then with 0.3 M KCl. Pooled proteins from these elutions, from the flowthrough, and from the different supernatants were assayed for starch synthase activity by a radioactivity assay (28) and with zymograms. Together, these data show that starch synthases are eluted from the anion-exchange column during the first elution, while the bulk of starch-catabolizing activities are retained in the column until the second elution. The same radioactivity assay was then used for partial characterization of the starch synthase activities.
RESULTS
Morphology and structure of Guillardia theta starch granules. Two previous studies on the nature of the storage polysaccharides accumulated by Chilomonas paramecium (2) and Chroomonas salina (1) established that cryptophytes accumu-FIG. 1. Separation of amylopectin and amylose by size exclusion chromatography. Two milligrams of starch purified from nitrogensupplied cultures grown under constant illumination of Guillardia theta (A) and Chlamydomonas reinhardtii (B) were subjected to Sepharose CL-2B chromatography. For each fraction, the optical density (OD) (F) of the iodine-polysaccharide complex was measured at the max (-). Due to its very high molecular weight, the amylopectin is excluded as a single sharp peak from the Sepharose column. This peak displays a red iodine stain with a max at 540 nm. The second peak displays the population of amylose molecules with a typical green color ( max above 600 nm). The difference in color is due to the differences in iodine-polysaccharide interaction quality generated by the presence of significantly longer chains in amylose. proportion. In addition, the polysaccharide was reported to be stained with iodine with a max of the iodine polysaccharide complex of 605 nm (1). According to those authors, these results are consistent with the presence of amylose-containing starch granules broadly ressembling potato starch. In order to get a more detailed picture of the storage polysaccharides, we separated the low-molecular-weight amylose from amylopectin by gel permeation chromatography (Fig. 1) . The amylose and amylopectin fractions were separately pooled. Amylopectin was then subjected to enzymatic debranching through treatment with isoamylase followed by HPAEC-PAD (Fig. 2) anal- ysis. This analysis enables the separation of the polysaccharide unit chains according to their degree of polymerization. Chains differing in size by only one glucose residue can be neatly separated and quantified by such techniques, thereby yielding a detailed chain length distribution for the debranched polysaccharide. The results displayed in Fig. 2 establish that the chain length distribution of the periplastidial starch of Guillardia theta closely resembles that reported for the green alga Chlamydomonas reinhardtii or the unicellular red alga Rhodella violacea (29) and differs significantly from the structures reported for potato tuber starch. In particular, the mass distribution of the amylose molecules displayed in Fig. 1 is similar to those of Chlamydomonas and cereal endosperm starch (25) . Starch differs from glycogen by its insoluble nature. The starch polymers (amylopectin and amylose) aggregate into huge insoluble granules whose number, shape, and size are genetically controlled. We thus investigated the morphology of such granules by electron microscopy. As seen in Fig. 3A , when observed by SEM, most granules display an ovoid shape with a size ranging from 1 to 3 m. A few larger granules (3 to 5 m) with a more elongated shape are also seen. However, a significant number of granules display a highly unusual ball-shaped cavity. By analogy with Chlamydomonas reinhardtii starch accumulation, we infer that these cavities result from localized polysaccharide synthesis around the pyrenoid, a proteinaceous body composed essentially of ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco). Examination of cross sections of Guillardia theta by transmission electron microscopy confirmed these speculations (Fig. 3B) . Indeed, some starch granules clearly associate with the intraplastidial pyrenoid on the periplastidial face of the plastid's second (outer) membrane.
Amylopectin is responsible for building the backbone of starch granules. Neighboring chains within clusters intertwine into parallel double helices that assemble into highly specific crystalline lattices (reviewed in reference 8). The lattices diffract and give two types of X-ray diffraction patterns corresponding to two different assembly geometries that have been named A type and B type. Starch is typically semicrystalline, as only sections of amylopectin assemble into crystals, while amylose is usually a mostly amorphous fraction. The Guillardia theta starch granules were thus further analyzed using X-ray diffraction. The results shown in Fig. 4A establish that Guillardia theta synthesizes semicrystalline starch polymers of the A type, with a crystallinity of about 32%. The assembly of amylopectin into double-helical semicrystalline structures can also be investigated through measurement of the energy required to melt such structures. This and other issues that result from the semicrystalline nature of the polymers can be addressed by differential scanning calorimetry. As shown in Fig. 4B , a melting temperature of 70°C and an enthalpy of 12.9 J/g were determined by DSC. These values are in agreement with those published for many common starches, including that of Chlamydomonas (9) . Together with the results displayed in Fig. 1, 2 , and 4, these data demonstrate that cryptophytes accumulate starch with a structure very similar to that of the starch from vascular plants and green algae.
Identification of the major granule-bound protein as the previously identified starch synthase gene. In Chlamydomonas reinhardtii and land plants, amylose is synthesized through the Coomassie blue stain after SDS-PAGE of total protein extracted by boiling with SDS (see Materials and Methods) from 2 mg of purified starch granules. G. t and C. r, Guillardia theta and Chlamydomonas reinhardtii, respectively. The major starch-bound protein of Guillardia shows an apparent molecular mass of about 60 kDa, which is a standard size for a plant GBSS1. GBSS1 from Chlamydomonas is known to have a 10-kDa C-terminal extension that gives it an apparent molecular mass closer to 70 kDa. Panel B. Western blot analysis of granule-bound proteins extracted from 50 g of starch of Guillardia theta. The antibody used in this experiment was designed to react against a peptide that defines a highly conserved C-terminal region of plant GBSS proteins (36) . Molecular mass marker references are indicated. Note that panels A and B display different gels that contained different sets of molecular mass markers. The masses were calculated from the position of each set of markers.
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DESCHAMPS ET AL. EUKARYOT. CELL action of granule-bound starch synthase from ADP-glucose. The presence of a classical amylose fraction in Guillardia theta starch prompted us to look for an analogous enzyme bound to the polysaccharide matrix. Proteins eluted by boiling of starch granules with SDS are displayed in Fig. 5A . The major protein bound to starch was investigated by trypsin digestion and mass spectroscopy analysis of the fragmented peptides. The peptide sequences and mass spectrometric analysis matched perfectly the sequence of the Guillardia theta starch synthase that we had previously cloned (19) . N-terminal sequencing of the putative GBSS1 protein was achieved. This sequence (AGSDAI VPD) established that the bipartite topogenic signal including the transit peptide-like sequences was successfully cleaved off the mature protein at a position significantly downstream from that predicted had the transit peptide been classically functional. The nature and position of the residues responsible for targeting the GBSS1 within the periplastidial space are detailed in Fig. 6 . Kinetic properties of the Guillardia theta GBSS1. The Guillardia GBSS activity was characterized with respect to its apparent affinity towards ADP-glucose and UDP-glucose and its optimal temperature (55°C) and pH (6.5). The apparent K m s for UDP-glucose and ADP-glucose were found to be similar (3.8 Ϯ 0.3 mM and 2.7 Ϯ 0.1 mM, respectively), while the V max was only twofold higher when UDP-glucose (32 Ϯ 5 nmol · h Ϫ1 · mg Ϫ1 ) rather than ADP-glucose (17 Ϯ 3 nmol · h Ϫ1 · mg Ϫ1 ) was used. Because maltooligosaccharides are known to activate the plant GBSS1 (14, 32), we examined the impact of maltotriose (50 mM) with respect to the enzyme activity (Fig. 7A) . The enzyme was activated 15-fold in the presence of 50 mM C-labeled UDP-Glc. After the reaction, amylopectin and amylose were separated by CL-2B Sepharose chromatography, and scintillation counting of radioactivity was performed for each fraction. Panel A. Effect of maltooligosaccharides on the reaction observed after 1 hour of in vitro synthesis. When maltotriose is added (छ) the incorporation of labeled glucose is highly enhanced compared to the normal rate (-) and is found predominantly in the amylose fraction. This behavior is typical of a GBSS activity. Panel B. Analysis of in vitro synthesis without maltooligosaccharides after 1 h (-), 4 h (E) and 12 h (F). Note that the bulk of the amylose is synthesized later than that of the amylopectin. Panel C. Separation of isoamylase-debranched glucans from total starch by TSK HW-50 chromatography. Two milligrams of native starch granules was mixed with 2 mg of starch subjected to 12 h of in vitro synthesis of amylose in the presence of 14 C-labeled UDP-Glc. After debranching of the total starch with isoamylase, glucans were separated by TSK HW-50 size exclusion chromatography. Eluted glucans were detected through their iodine-polysaccharide interaction. The optical density (E) of the complexes was measured at max . The incorporation of 14 C was also assayed in each fraction (F). The curve in the top part of the panel shows the average degree of polymerization (DP) of the glucans in the fractions, calculated as described by Banks et al. (6) . 14 C was incorporated only into long chains in both amylose and amylopectin. This behavior is typical of a "GBSSlike" activity, while soluble starch synthases are not able to produce glucans with an average DP higher than 50 under such experimental conditions.
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maltotriose, and the label was essentially incorporated in the amylose fraction. In the absence of the maltooligosaccharide the label was found predominantly on amylopectin during short incubation times, while after 4 h the label was found predominantly on amylose (Fig. 7B) . Whether found in amylopectin or amylose, the label was always found to be incorporated in the long-chain fraction upon debranching of the polysaccharide product (Fig. 7C ). This situation is identical to the one we previously reported for the Chlamydomonas GBSS1, where through pulse-chase experiments we were able to prove that the chains were first extended on amylopectin and then cleaved off into the amylose fraction (32) . However the low specific activity of the Guillardia GBSS1, which is over 40-fold lower than that of Chlamydomonas GBSS1, and the fact that the starting material was already filled with amylose thwarted all attempts to reproduce such chase experiments with the cryptophyte GBSS1. Nevertheless, the properties listed above for the Guillardia GBSS1 unambiguously identify it as the major amylose-synthesizing enzyme. Guillardia contains at least one UDP-glucose-utilizing soluble starch synthase and no detectable ADP-glucose-synthesizing or -utilizing enzymes. The biochemical properties of Guillardia theta GBSS1 show only a very modest preference towards UDP-glucose compared to ADP-glucose. In order to find out if Guillardia utilizes the green plant (ADP-glucosebased) or, more logically, the red alga (UDP-glucose-based) pathway of starch synthesis, we investigated the presence of AGPase, the enzyme responsible for ADP-glucose synthesis. We performed Western blotting (Fig. 8A ) and enzyme assays (Fig. 8B) , which failed to detect traces of AGPase. The polyclonal antibody (a kind gift from Curtis Hannah) used was produced against the maize small subunit and displayed strong cross-reactions against a wide variety of species. Zymogram gels (Fig. 9) clearly showed the presence of the classical enzymes of starch metabolism together with a UDP-glucoseutilizing soluble starch synthase activity. This enzyme activity was purified 20-fold through its affinity for glycogen. The ratio of activities measured with the semipure enzyme in the presence of UDP-glucose versus ADP-glucose ranged between 6 and 10 when measured at 0.2 to 10 mM glycosylnucleotide, respectively. This marked preference for UDP-glucose explains the specificity of the activity revealed on our zymogram gels.
DISCUSSION
This study reports on the first characterization of GBSS1 in the red alga lineage. This enzyme was discovered and intensively studied in the green lineage as the major determinant of amylose synthesis, the unbranched fraction of starch. GBSS1 is an enzyme that requires binding to a semicrystalline granule to be normally active, and its presence correlates with that of amylose-containing starches (4) . Red algae were first thought to accumulate starch devoid of amylose in the cytoplasm. The presence of amylose was, however, relatively recently reported for a number of unicellular red algae, including Rhodella violacea (26) . Older reports characterizing the structure of starch in cryptophytes and dinoflagellates clearly mention the presence of amylose in these polysaccharides (1, 2, 34) . Since these pioneering studies, it has been proposed that these organisms were derived from one (12) or several (7) secondary endosymbiotic events involving a red algal symbiont and a flagellated heterotrophic eukaryotic host. It thus seems logical to suppose that the red alga symbiont(s) contained both amylose and GBSS1.
We have previously proposed that the pathway of starch synthesis in both red and green algae resulted from the merging of a preexisting pathway of glycogen synthesis from the host and that of storage polysaccharide from the cyanobacterial symbiont after primary endosymbiosis (13) . Recent evidence points to the existence of starch-like polymers in some cyanobacteria (27) , but amylose-containing true starch granules remain to be described for present-day cyanobacteria. Nevertheless, phylogenetic trees such as those displayed in Fig. 10 clearly relate green alga and Guillardia GBSS1 sequences to cyanobacterial glycogen synthases and particularly to those of Crocosphaera watsoni, a unicellular diazotrophic cyanobacterium. We therefore infer that during primary endosymbiosis of the plastid, the GBSS1 gene from the cyanobacterial symbiont was transferred to the nucleus of the host and retained in the red alga lineage together with those enzymes of bacterial origin that are known to be involved in the biogenesis of semicrystalline polysaccharide, as previously suggested (13) .
This gene was subsequently lost in all chromists, together with all other enzymes of the starch pathway. Alveolates, on the other hand, have maintained the pathway of starch synthesis. Apicomplexans have probably simplified their genomes according to their parasitic lifestyle (13) . The genes that were lost include all "redundant" functions such as GBSS1, whose activity is not mandatory to obtain normal levels of storage polysaccharide granules. Ciliates such as Tetrahymena or Paramecium, on the other hand, have selectively lost isoamylase, an enzyme that we have previously demonstrated to be required to obtain semicrystalline polysaccharides, and have therefore reverted to glycogen synthesis. They have also lost those enzymes directly interacting with the semicrystalline starch granules (such as GBSS1 and the glucan water dikinase, an enzyme required for starch degradation). We presently have no real clues as to why the cryptophytes have maintained a pathway of starch synthesis in the periplast. Evidently, as stressed in this work, Guillardia theta has maintained a privileged association of starch metabolism with the pyrenoid. Pyrenoids of green and red algae have been proven to be composed of an organized proteinaceous assembly of Rubisco and other Calvin cycle enzymes (reviewed in reference 3). This assembly divides at the time of plastid division to generate in most cases a single pyrenoid per plastid. In chlorophytes the pyrenoid is suspected to define a major component of the carbon concentration mechanism in a fashion analogous but not identical to that for the cyanobacterial carboxysome (which, in addition to Rubisco, contains carbonic anhydrase). In green algae the pyrenoid is surrounded by a starch sheath which is not in itself required for operation of the carbon concentration mechanism (3).
In some "primitive" unicellular red algae (the Porphyridiales), such as the unicellular amylose-containing Rhodella violacea, the association with the intraplastidial pyrenoid is not lost despite the presence of starch in the cytoplasm (24) . In this case, the starch associates with the pyrenoid, which is surrounded and separated from the polysaccharide by the inner and outer membranes of the rhodoplast (24) . As this work suggests, such an association seems to have been maintained in cryptophytes and may define one of the factors for conservation of periplastidial starch synthesis. Localized synthesis of FIG. 10 . Phylogenetic tree of glycogen and starch synthases. The protein sequence of the presently studied "GBSS-like" enzyme (accession no. AJ784213) was compared with sequences of four class of enzymes: "yeast like" glycogen synthases of Neurospora crassa (AAC98780), Aspergillus nidulans (EAA58813), Candida albicans (EAK99020), Cryptococcus neoformans (AAW45795), and Saccharomyces cerevisiae (AA88715); bacterial glycogen synthases of E. coli (AAC76454), Bacillus subtilis (CAB15073), Yersinia pestis (AAM87434), Streptococcus pneumoniae (AAK99836), and Agrobacterium tumefaciens (AAL44876); cyanobacterial glycogen synthases of Synechocystis sp. strain PCC6803 isoform 1 (BAA18625) and isoform 2 (BAA16625) and three isoforms of Crocosphaera watsonii (EAM53362, EAM48230, and EAM48998); and plant GBSS1 from Arabidopsis thaliana (AAF31273), Chlamydomonas reinhardtii (AAL28128), Ostreococcus tauri (AAS88890), and Zea mays (AAQ06291). Sequences were aligned by using ClustalW (31) , and the sequence alignment was manually improved by using BioEdit (T. Hall). The unrooted phylogenetic tree was build using neighbor joining. The scale bar represents the number of substitutions per site. All node bootstrap values except the Saccharomyces cerevisiae node (at 56) were above 80. This tree shows that the protein of Guillardia theta is closely related to the family of plant GBSS1 proteins.
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starch across membranes has important implications with respect to our understanding of starch biosynthesis and particularly with respect to granule morphogenesis. Indeed, it is evident from this work and observations made with many green algal species that the pyrenoid dictates the shape of a significant proportion of starch granules. The shape of the pyrenoidal starch can be easily explained if synthesis occurs predominantly at the polysaccharide-pyrenoid interface. This interface is obviously defined by the rhodoplast membranes in the cases of Guillardia and unicellular red algae. In the case of green algae, the pyrenoid is also thought to be separated from the starch sheath by a membrane. As hypothesized by Süss et al. (30) following their immunogold localization of Calvin cycle enzymes, multienzyme complexes may be localized at the stromal surface of this membrane. It is tempting to speculate that starch metabolism enzymes may colocalize with these complexes. The biochemical characterization of the GBSS1 enzyme reported here clearly shows that the cryptophyte enzyme displays properties very similar if not identical to those of similar enzymes of the green lineage. An important distinction between the Guillardia and plant enzymes can be found in the glycosylnucleotide substrate preferences. While the plant GBSS1 displays a marked preference for the ADP-glucose substrate, the Guillardia enzyme displays only a twofold-higher V max when using UDP-glucose than when using ADP-glucose. In addition, both substrates are used with similar apparent affinities. These results, while consistent with the presence of the UDP-glucosebased pathway of the red lineage that we recently suggested (13), do not make a very convincing case for it. For this reason, we have demonstrated that ADP-glucose pyrophosphorylase activity is absent in these organisms and have characterized a partly purified soluble starch synthase activity. This enzyme displayed a marked preference for UDP-glucose. We therefore propose that cryptophytes such as the red algae utilize a UDPglucose-based pathway of starch synthesis.
